gram also incorporates efficient nematode control (33) .
Metalaxyl is used worldwide for the control of many Phytophthora diseases (23, 31) including black shank (13, 19) . Metalaxyl protects tobacco seedlings by inhibiting growth of P. nicotianae mycelium and sporangia both in vivo and in vitro (8, 25, 27) . The fungicide is a xylemtranslocated phenylamide with systemic apical movement in plants (5, 7) . Presently, metalaxyl formulations have 71% of the market share in chemical black shank control in South Africa (SYMPACT J. Brits, Market Information, Crop Product Manager: Subtropical Crops & Cruiser, Isando, South Africa). Approximately 12 to 20% of South African tobacco growers use metalaxyl (Ridomil 5G = 50 g a.i./kg) routinely before planting at a concentration of 22 kg/ha followed by an additional treatment (11 kg/ha) 4 weeks later (33) . Metalaxyl use in tobacco fields has been associated with the appearance of P. nicotianae populations with reduced metalaxyl sensitivity in the United States (Georgia, North Carolina), Korea, and Spain (6, 14, 16, 26) . In South Africa, metalaxyl was first introduced into tobacco cultivation during 1978 in the PTK trading area. Two years later, growers in the PTK and MKTV trading areas reported poor black shank control. It has been suggested that this lack of control resulted from accelerated biodegradation of the fungicide (1). However, a build up of resistance to metalaxyl in the P. nicotianae population may also give rise to poor disease control. The successful use of metalaxyl in the ABSTRACT van Jaarsveld, E., Wingfield, M. J., and Drenth, A. 2002. Effect of metalaxyl resistance and cultivar resistance on control of Phytophthora nicotianae in tobacco. Plant Dis. 86:362-366.
Phytophthora nicotianae is a devastating root and stem pathogen of tobacco (Nicotiana tabacum) in South Africa. Growers strive to control the resulting disease, known as black shank, with metalaxyl treatments and resistant cultivars. The aim of this study was to consider whether development of metalaxyl resistance in P. nicotianae has contributed to poor disease control and if recently developed cultivars with high levels of resistance require metalaxyl for effective control. One hundred and thirty-two isolates of P. nicotianae were screened for sensitivity to metalaxyl. P. nicotianae isolates from most tobacco farms were metalaxyl sensitive. Growth of most isolates was inhibited completely at 1.0 µg a.i./ml. However, isolates from the MKTV tobacco producing area showed EC 50 values ranging from 1.02 µg a.i./ml to 3.57 µg a.i./ml. Twenty-one tobacco cultivars were planted and treated with and without metalaxyl in two different growing seasons to evaluate their resistance to P. nicotianae and the value of using metalaxyl. Hicks was the most susceptible cultivar. Vuma/3/46, LK30/40/60-1, and LK33/60 exhibited the greatest resistance to P. nicotianae. Use of metalaxyl in combination with moderately resistant cultivars such as NC60 × TL33 and LK10/80/60 effectively reduced black shank in the field. Resistant cultivars were healthy and no significant difference between metalaxyl treated and untreated plants was observed.
Lowveld area over a prolonged period of time may be due to the use of more resistant tobacco cultivars in combination with systematic crop rotation (33) . Crop rotation in the Lowveld and the PTK region is implemented by cultivating tobacco for 1 to 2 years successively. Thereafter, the field is planted with a grass crop (Rhodes catambora or Cenchrus ciliaris) for 2 to 4 years successively. In the MKTV trading area, however, tobacco is cultivated every year in the same fields (18, 32) .
The aim of this study was to determine (i) whether development of metalaxyl resistance in P. nicotianae has contributed to poor disease control and (ii) if recently developed tobacco cultivars with high levels of resistance give better disease control under field conditions in combination with the use of metalaxyl. The outcome of this study would provide useful information to aid implementing an economically viable metalaxyl management program in South Africa.
MATERIALS AND METHODS
Metalaxyl resistance in vitro. One hundred and thirty-two P. nicotianae isolates were collected from tobacco farms in the PTK, MKTV, and the Lowveld areas in South Africa, as well as from Zimbabwe with 19, 26, 82, and 5 isolates collected, respectively (Table 1) . Eighty-nine P. nicotianae isolates were obtained from the soil by baiting with citrus leaves (11) . Fortythree P. nicotianae isolates were isolated from infected roots and stem tissues of tobacco plants that were surface sterilized in 70% ethanol and then placed on selective PARPH medium (30 P. nicotianae isolates were evaluated for their resistance to metalaxyl based on 50% growth rate inhibition (EC 50 ). The Ridomil 480 EC formulation (Novartis South Africa) was used to obtain fungicide concentrations of 0.01, 0.1, 1.0, and 10.0 µg a.i./ml (6) . Metalaxyl was added to cool 45°C potato dextrose agar (PDA; Biolab, Midrand, South Africa) medium and 12 ml of medium was poured per 65 mm petri plate. A 5-mm-diameter disk was cut from the margin of each fungal isolate growing on PDA for 5 days in the dark at 27°C. Each disk was transferred to the center of an agar plate. Control plates contained only PDA. There were three replicates per isolate at each metalaxyl concentration. Mycelial growth was recorded to the nearest millimeter along the longest radius after 6 days of incubation in the dark at 27°C (26) . Average colony diameters were calculated for each isolate at each fungicide concentration. These values were used to calculate EC 50 values with the Half-Maximal Response curve for estimating responsiveness in STATISTICA (Statistica, 1993, Statistica for WindowsVersion 4.5B Statsoft Inc., Tulsa, OK). Each average diameter reading was converted into the percentage of growth inhibited as compared to the control by calculating the difference in the growth between each fungicide concentration, and a curve fitted by STATISTICA. The following equation of the curve was used:
where b 0 is the expected response at saturation, b 1 determines the slope of the function, and b 2 is the concentration for a half maximal response. The start value for b 0 was the percent inhibition at the highest concentration of metalaxyl for each isolate. Parameter estimates b0, b1 and b2 were calculated by STATISTICA. The concentration at which growth was inhibited by 50% (EC 50 ) was calculated by substituting y = 50 into the above equation and solving for x using the parameter estimates. The trial was repeated once. The effectiveness of metalaxyl and cultivar resistance under field conditions. The field tests were conducted in a naturally infested area with an 8-year history of black shank on the farm Barberton Boere (Table 1) . After severe hail in the 1997 tobacco season, plants were trimmed back and suckers selected for growth of new leaves. However, approximately 80 to 90% of the plants died of black shank at this site, thus severe black shank occurred over the whole test area. Field tests (1998 and 1999) were conducted at this site for two consecutive years. Seedling production, fertilization, cultivation, insect control, and sucker control followed the Lowveld Tobacco Growers' Association Extension recommendations (20, 22) . Seedlings were treated with Apron 35 SD (metalaxyl 350 g a.i./kg) applied at 35 g/100 liter water before transplanting, thus protecting seedlings from Pythium and Phytophthora species for approximately 4 weeks after planting (1). Plots were irrigated as required. The area was plowed and soil thoroughly mixed after each tobacco season. Tobacco cultivars used in this study originated from Zimbabwe (T20, Twenty-one tobacco cultivars were planted in combination with or without metalaxyl to evaluate fungicide-cultivar combinations as treatments for control of tobacco black shank. The field trial consisted of 42 treatments in a complete randomized block design with four replicates in 1-row plots with 20 plants each. The treatment rows were separated by skip rows that were planted with susceptible Hicks plants to ensure continuous inoculum. Plants were spaced 50 cm apart within rows and rows were 1.3 m apart. The treatments were 21 tobacco cultivars planted in combination with or without metalaxyl. The metalaxyl treatments received 22 kg/ha (50 g a.i./kg) metalaxyl (Ridomil 5G) applied preplant to soil and (12) . The disease index (DI) was calculated using the following formula:
where n = number of diseased plants for weeks 1 to 7, w = value given for the time of disease onset, w = 1 to 7 (week 1 = 7, week 2 = 6, week 3 = 5, week 4 = 4, week 5 = 3, week 6 = 2, week 7 = 1), N = total number of plants multiplied by the maximum value (w = 7). Plants were considered diseased when the leaves were permanently wilted, stunted, and a black lesion appeared at the base of the stem. A disease index of 0 indicated no detectable level of disease while that of 100 indicated that all plants had died within the 7-week period.
The entire trial was conducted in two consecutive years. Data were statistically analyzed for differences among cultivars and metalaxyl treatments. Means were tested for significance using Tukey's procedure (28) .
RESULTS
Metalaxyl resistance in vitro. The range of P. nicotianae resistance to metalaxyl was determined for individual farms (Table 1) . Results showed that the P. nicotianae populations from most tobacco farms exhibited low EC 50 values and were, therefore, predominantly sensitive to metalaxyl. Growth of most isolates was inhibited completely at 1.0 µg a.i./ml. However, two isolates from the Roelf Otterman farm were slightly resistant to metalaxyl compared to other MKTV isolates (EC 50 = 3.57 µg a.i./ml and 1.02 µg a.i./ml). An isolate from the Research Institute for Tobacco and Cotton was also slightly resistant to metalaxyl (EC 50 = 0.94 µg a.i./ml) compared to other isolates included in this study.
The mean EC 50 values in the Lowveld and PTK area ranged from 0.04 to 0.08 µg a.i./ml while mean EC 50 values in the MKTV area ranged from 0.07 to 0.46 µg a.i./ml ( Table 1) . P. nicotianae isolates from the MKTV appear in general to be slightly more resistant to metalaxyl than isolates from the Lowveld and PTK areas.
The effectiveness of metalaxyl and cultivar resistance under field conditions. High levels of black shank developed in the field as shown by the reaction of the susceptible cultivar Hicks in the skip rows (data not shown) and trials (Table 2) . Susceptible plants exhibited black shank symptoms as early as 6 to 7 weeks after planting and included stunting, wilting, and tissue discoloration at the base of the stem. Leaves of plants infected later in the season (10 weeks after planting) turned yellow, wilted, and eventually displayed leafbronzing symptoms. Susceptible plants died before topping (week 9 after planting). Leaves of these plants were immature and could not be harvested. In contrast, most leaves of resistant plants developed normally and were successfully harvested.
Significant differences (LSD 1998 0.05 = 6.72, LSD 1999 0.05 = 8.22) were found in cultivar resistance as reflected by disease indices ( Table 2 ). Hicks had the greatest disease index since 85.4 and 86.4% of the plants showed black shank symptoms at the end of the 1998 and 1999 seasons when not treated with metalaxyl. The Lowveld cultivars Vuma/3/46, LK30/40/60-1, and LK33/60 had high levels of resistance to P. nicotianae with disease indices ranging from 0.3 to 0.9% for the 1998 season and 1.5 to 11.4% for the 1999 season. Cultivars with moderate resistance to P. nicotianae included NC60 × TL33 (29 to 29.6%), Vuma (22.8 to 22.9%), and Vuma × Coker371-Gold (8.1 to 19.3%). The North Carolina cultivars Speight G-108 (1.3 to 13%) and Coker 371-Gold (4.1 and 9.6%) exhibited high degrees of resistance to P. nicotianae. The low disease index values obtained for Vuma × Coker 371-Gold and Coker 371-Gold, known for its resistance to race 0 and susceptibility to race 1 (4, 15) , suggest the presence of race 0 of P. nicotianae at this locality. This is in agreement with previous reports of the occurrence of race 0 in the Lowveld region (17) .
The application of metalaxyl improved the performance of most susceptible and moderately resistant cultivars. The use of a single metalaxyl application resulted in significantly (LSD 1998 0.05 = 6.72, LSD 1999 0.05 = 8.22) lower disease indices (Table  2) . Examples include NC60 × TL33 (4.4%) and LK10/80/60 (6%) that are moderately resistant and had disease rates of 29.6 and 16.5%, respectively, without treatment. Similarly, the susceptible cultivar Mammoth 10 (35 to 46.7%) had disease index rates of 56.8 to 67.2% without metalaxyl (Table 2 ). Cultivars such as Vuma/3/46 (0.6 to 1.5%), LK30/40/60-1 (0.9 to 6.9%), MDH (0.3 to 15%), and K149 (0.3 to 0. 5%) with high resistance to black shank did not show significant (LSD 1998 0.05 = 6.72, LSD 1999 0.05 = 8.22) differences in disease indices between metalaxyl treated and untreated plants.
DISCUSSION
Mean EC 50 values for P. nicotianae isolates examined in this study were within the ranges previously reported for P. nicotianae isolates from tobacco (0.01µg a.i./ml to 1.2 µg a.i./ml) (6,26) except for one isolate which had an EC 50 value of 3.57 µg a.i./ml. Our survey revealed that most P. nicotianae populations from the investigated farms in South Africa are currently sensitive to metalaxyl. An exception was found in the MKTV area where two isolates had EC 50 values of 1.02 µg a.i./ml and 3.57 µg a.i./ml. Previous authors (6,26) also reported EC 50 values of 1.0 µg a.i./ml and 1.2 µg a.i./ml for slightly resistant P. nicotianae isolates. Higher EC 50 values for metalaxyl resistance have, however, been reported for P. nicotianae from other hosts such as citrus (100 µg a.i./ml) and periwinkle (742.4 µg a.i./ml) (9, 29) .
Studies conducted by Shew (26) The occurrence of slight metalaxyl resistance in South Africa appears to be relatively localized, however, P. nicotianae can reproduce very rapidly and metalaxyl resistance in several Phytophthora spp. is inherited as a single incomplete dominant gene (2, 10, 24) . Previous studies found that many metalaxyl resistant P. nicotianae isolates are inherently fit, virulent, and can compete with sensitive isolates (9, 29) . Furthermore, Timmer et al. (29) found that a high percentage of a P. nicotianae population remained resistant after 2.5 years without treatment.
Cultivation of susceptible tobacco cultivars in monoculture combined with the continuous use of metalaxyl in South Africa is likely to select for P. nicotianae isolates less sensitive to metalaxyl as reported in Georgia and North Carolina (6, 26) . There is no known method for complete eradication of P. nicotianae in the field, and future monitoring of these populations is required to determine whether metalaxyl resistant isolates become more widespread.
Results of this study showed that the use of metalaxyl significantly reduced disease indices thereby improving survival of susceptible and moderately resistant cultivars. This is consistent with findings of Reilly (19) who also showed that the use of metalaxyl was most effective on tobacco cultivars with little resistance to black shank. For example, a single metalaxyl application in the 1998 season reduced disease incidences of susceptible cultivars such as Mammoth 10 from 56.8 to 46.7% and Hicks from 85.4 to 73.8%.
In this study, highly resistant cultivars such as Vuma/3/46, LK30/40/60, and LK33/60 had low disease indices indicating that plants were healthy and few plants developed black shank symptoms. No significant differences were found between disease indices when resistant plants received a single metalaxyl application. The availability of highly resistant cultivars such as Vuma/3/46, LK30/40/60-1, and LK33/60 to growers provides an opportunity for more effective and economical black shank management. These resistant cultivars have been approved in terms of quality and yield by the tobacco trade in South Africa (21) . Various factors are required for improved black shank control and increased durability of cultivar resistance. Continued monitoring for spread or increased frequency of P. nicotianae isolates with metalaxyl resistance must be a key component of this process. Likewise, it will be important for South African tobacco farmers to use metalaxyl selectively and together with moderately resistant cultivars. The use of highly resistant cultivars, which do not need to be treated with metalaxyl, should be promoted. Efforts to improve the durability of disease resistance in tobacco cultivars through rotation of cultivars carrying different forms of resistance, as well as improvements in drainage and soil health will be key factors in reducing the impact of this important disease.
